Abstract-The purpose of this study was to estimate, using the Position-Specific Global Index (PSGI) of Lower-Limb Muscle Strength, the extent to which muscle strength is independently associated with functional walking capacity. We performed an observational, cross-sectional study with 63 patients poststroke (onset between 3 and 12 months) at a major teaching hospital in an urban Canadian city. We assessed functional walking capacity with the six-minute walk test (6MWT) and muscle strength with handheld dynamometry. We established the relationship between the lower-limb muscles and functional walking capacity with the PSGI. The PSGI explained 70% (p < 0.001) of the variability in the 6MWT, whereas the index of alternate against-gravity muscle strength explained 39% and the hip flexors in a supine position explained 51%.
INTRODUCTION
Muscle weakness is a prevalent impairment of stroke, leading to activity limitations and participation restrictions [1] . A commonly limited activity is the ability to walk, with approximately 80 percent of people with stroke deficient in their walking ability at stroke onset [2] .
Numerous stroke outcome studies have quantified the limitations in walking experienced by people with stroke [2] [3] [4] [5] [6] [7] . The most common measure used to quantify functional walking capacity has been the six-minute walk test (6MWT), a task that requires walking speed and balance and submaximal endurance. These are the necessary components for community-dwelling people with stroke to live independently [2] . In a study by Salbach et al., a community-dwelling sample of people with stroke walked, upward of 1 year poststroke, an average of 207 m [2] , which translates to 31 percent of normative values. Eng et al. demonstrated a similar finding where people with stroke walked, on average, 267 m [8] .
Muscle strength has an important influence on functional walking capacity, and understanding the relationship between these two variables is critical to planning effective interventions to improve walking. Only a few studies have examined the relationship of muscle strength to functional walking capacity as measured by the 6MWT. The majority only assessed, or usually only reported, the relationship between a single muscle group and functional walking capacity [8] [9] [10] . For instance, Pang et al. demonstrated that among 63 people with stroke, at an average of 5.5 years poststroke, the strength of ankle plantar flexor muscles was a significant predictor of distance walked [10] . The information on the effect of single muscles is suspect because it is not always apparent from the research whether that muscle was the only one studied or if it emerged after an analysis involving multiple comparisons, in which case the finding may be considered a false positive. Basing a strengthening regimen on these findings would lead to a lack of efficacy. Moriello and Mayo presented a solution to this problem by developing a global index of lower-limb muscle strength derived from a principal component weighting of single muscles [11] . To identify which muscles are the most important for functional walking capacity, it would be impossible to incorporate the results of all the muscle strength tests in a single statistical analysis. This is where the Position-Specific Global Index (PSGI) of Lower-Limb Muscle Strength would be useful [11] . Furthermore, a possible useful adjunct would lead to implementing targeted rehabilitation interventions. Despite the important role muscle strength plays in functional walking capacity, it is not the only common consequence of stroke; decreased balance and spasticity are also influential [12] [13] .
As a person's muscle strength prior to stroke is unknown, poststroke muscle weakness can be ascertained only by comparing the strength of the affected side with the less affected side. Research indicates that the postulated differential between the muscles of the lower limbs reaches 40 to 50 percent [14] [15] [16] .
The purpose of this study was twofold: 1. Estimate the extent to which lower-limb muscle strength is associated with functional walking capacity, taking into consideration three confounding variables: comorbidity, balance, and spasticity. 2. Identify which specific muscle groups in which position contributed the most to the relationship between strength and functional walking capacity, predicated on a significant relationship with the PSGI.
METHODS

Participants
The participants in this study were at least 3 months and no more than 1 year poststroke and recruited from a pool of people participating in two ongoing research studies. Detailed methods have been presented elsewhere [11] . Briefly, for this substudy participants were eligible if they were able to walk independently for 10 m with or without an aid and were discharged from active rehabilitation. Participants were excluded if they had any other neuromuscular condition or failed a cardiology stress test.
We based the sample size for this study on sufficient statistical power to detect a correlation coefficient of at least 0.50 as the lower limit of a desired 95 percent confidence interval. We estimated sample size according to the Fischer method based on correlation with a correction for additional variables (n =  + k + 1, where n = total number of participants,  = calculated sample size based on desired correlation coefficient, and k = number of additional variables measured) [17] . We required 60 participants to estimate a  of 0.67 with a degree of precision that excludes values lower than 0.50 [18] . Given that two other variables, spasticity and balance (k = 2), were to be included as adjustment factors, we planned a sample size of 63 participants.
Procedure
We recorded age, sex, height, weight, side of hemiparesis, type of stroke, and time since onset of stroke for each participant. The primary outcome (dependent) variable was functional walking capacity, evaluated using the 6MWT. The variable under study (exposure or independent variable) was lower-limb muscle strength, and the potential confounding variables were balance, spasticity, and comorbidity.
Functional Walking Capacity
The 6MWT evaluates the capacity to maintain a moderate level of activity over a time period, reflective of activities of daily living [19] [20] that are performed at a submaximal level of exertion [8] . We asked participants to walk as fast as they could for 6 minutes to cover as much distance as possible along a 15 m corridor. If needed, the participants were allowed to rest but had to continue walking as soon as possible. Each participant performed two trials, and we used the average of the two distances for the analysis.
Muscle Strength
The variable under study using the PSGI was lowerlimb muscle strength. The muscle groups we assessed were the hip flexors and hip extensors, and the separate muscles we tested were the knee flexors, knee extensors, ankle dorsiflexor, and ankle plantar flexors (gastrocnemius and soleus). We assessed the muscles by using standardized methodology in different positions (against-gravity, alternate against-gravity, and gravity-eliminated) on the affected and less affected sides, a total of 96 musclestrength data points. From these points we summarized the lower-limb muscle strength into five indexes (two for the affected side and three for the unaffected side) with two subindexes. We summarized the muscle strength of the affected side in index 1(a): against-gravity position, index 1(b): alternate against-gravity position, and index 2: gravity-eliminated position. We summarized the muscle strength of the less affected side in index 3(a): againstgravity position, 3(b): alternate against-gravity position, 4: gravity-eliminated hip and knee position, and 5: gravityeliminated ankle position. To provide a single value for lower-limb muscle strength, we further reduced all the indexes, representing both the affected and less affected sides of the body, to the PSGI. Full details regarding the index can be found in the original article [11] .
Balance
We assessed balance by using the Berg Balance Scale. The scale consists of 14 items (maximum of 56 points), using a 5-point scale (0-4) to rate each item. A score of 0 indicates the need for maximal assistance to perform the tasks on the scale and a score of 4 indicates independence and the ability to safely perform the tasks. The tasks require the participant to maintain positions with a variety of difficulty, such as transferring and balancing [21] .
Spasticity
We measured spasticity using the Modified Ashworth Scale (MAS) and the Composite Spasticity Index (CSI). The MAS uses a 6-point scale to assess the degree of resistance encountered during passive muscle stretching [22] . The score is further used to classify levels of spasticity: none, mild, moderate, and severe. The CSI is a clinical measure of spasticity that also classifies spasticity as none, mild, moderate, and severe [23] . For the purposes of this analysis, we created a dichotomous variable for each section: present or absent. We considered spasticity present if we classified individuals in the mild, moderate, or severe spasticity categories on both measures. We considered spasticity absent if we classified individuals as having no spasticity on both measures.
Comorbidity
We obtained information on comorbidity from the participant's medical chart or primary care physician. We used the total number from a list of conditions known to be prevalent among people with stroke in the analysis.
Data Analysis
Basic statistics helped describe the characteristics of the study participants and the distributions of the variables. The first step was to assess the effect of balance, spasticity, and comorbidity on the outcome, the value of the 6MWT averaged over two trials, and lower-limb muscle strength as assessed by the PSGI. We used simple linear regression for these analyses and retained only the variables significantly associated with both the outcome and the variable under study. We subsequently used multiple linear regression to estimate the association between the PSGI and functional walking capacity, adjusting for the significant confounders.
If the above association between the outcome and the variables under study was statistically significant, the second step was to estimate the association between the 6MWT and each of the muscle-strength indexes. The third step estimated the relationship between 6MWT and the strength of the individual muscles within each of the indexes for those associations between the 6MWT and an index that were significant. For the latter two analyses (steps 2 and 3), we used stepwise linear regression with the confounders forced into the model.
RESULTS
We assessed the muscle strength of a total of 63 people with chronic stroke. Table 1 provides the demographic characteristics of the participant sample. The average age of participants was 67 years and 68 percent were male; on average, participants walked 277 m on the 6MWT, approximately 42 percent of their predicted distance [24] . Table 2 provides the muscle strength for each muscle or muscle group and position. In contrast with the less affected side, the affected side was 8 to 21 percent weaker, which was even more evident when tested in against-gravity positions. Compared with normative data on muscle strength adjusted for age and sex, the weakness differential increased to 22 to 88 percent depending on muscle and position [25] [26] [27] .
Three confounding variables (comorbidity, balance, and spasticity) were statistically significant in simple regression analyses with the variable under study (PSGI) and outcome (6MWT). We used these variables in the subsequent multiple regression analyses.
The PSGI (against-gravity position) was a significant correlate of the 6MWT distance. The simple regression demonstrated that the PSGI alone explained 29 percent (p < 0.001) of the variability in the 6MWT. The PSGI, including the alternate against-gravity position, explained 28 percent (p < 0.001) of the variability. There was a negligible difference between both PSGI scores.
When we added the confounders (comorbidity, balance, and spasticity) to the model, 70 percent (p < 0.001) of the variability in the 6MWT was explained. In the full model, the PSGI remained a significant predictor of the 6MWT (Table 3 ) but spasticity and comorbidity were no longer significant predictors. Balance remained an independent associate of the 6MWT.
As the PSGI was a significant contributing factor, the next step was to assess the relationship of each of the indexes within the PSGI to functional walking capacity. All five indexes correlated significantly with the distance walked ( Table 4) . The against-gravity position on the affected side (index 1(a)) explained 38 percent of the variability (r 2 = 0.38, p < 0.001). The hip flexors within this index explained more of the variability (44%) than other muscles ( Table 5 ). The alternate against-gravity position index (index 1(b)) explained the most variability (r 2 = 0.39, p < 0.001) of the functional walking capacity when compared with the other indexes. Again, the hip flexors within this index explained 51 percent (p < 0.001) of variability more than the other muscles in the index. The affected gravity-eliminated position index (index 2) was a significant correlate of the 6MWT (r 2 = 0.24, p < 0.001), with the ankle plantar flexor (gastrocnemius) explaining the most variability (23%). The less affected against-gravity position index (index 3(a)) explained 20 percent of the variability of walking (p < 0.001). Again, the hip flexors in the againstgravity position for the less affected side were a significant correlate of functional walking capacity compared with the other muscles within the index. The alternate against-gravity position index (index 3(b)) explained slightly less variability (r 2 = 0.18, p = 0.01), and the hip extensors were a significant correlate of functional walking capacity. The significant relationship of the PSGI with the position-specific indexes allows for testing of the relationship between the individual muscles and the 6MWT ( Table 5 ). The greatest variability in the 6MWT was explained by the hip flexors in an alternate against-gravity position (r 2 = 0.51; p < 0.001), followed by the hip flexors in an against-gravity position (r 2 = 0.44; p < 0.001).
The next step in the analyses looked at the individual muscles using a stepwise regression. The results demonstrated that hip flexor strength in the alternate againstgravity position was the only muscle significantly associated with the distance walked (ß = 24.5; standard error = 3.1). The hip flexors explained 51 percent of the variability in the 6MWT, controlling for levels of balance, comorbidity, and spasticity.
DISCUSSION
Stroke had a devastating effect on the muscle strength of both the affected and less affected lower limbs of the participants in this study. A large difference in the percentage of muscle weakness when comparing with the less affected side (8%-22%) or with the standards of muscle strength (22%-88%) was demonstrated. This emphasizes that stroke has an effect on the less affected side. The significance of the PSGI in the regression analyses justified assessing the relationship between the various measures of strength and functional walking capacity. Results indicated that muscle strength, no matter in what position tested, contributed to the variability in the 6MWT. This supports not only task-specific training to increase the distance walked but also muscle strength training in different positions. Additionally, it supports that global strength measured by a single index incorporating all the lower-limb muscles was strongly associated with distance walked; it also reinforces the concept of specific strength-training programs for individual muscles to improve walking in addition to training on functional tasks that improve overall muscle strength. For example, a training program of walking tasks involving walking up and down stairs or inclines or while carrying loads is likely to yield improvements in functional walking capacity by increasing the global strength of the lower limb. Indeed, in a recent randomized, controlled trial, Salbach et al. found such a program to increase the distance walked on the 6MWT by 40 percent compared with 0 percent with an equal-attention control intervention of upper-limb tasks [2] .
Each index had specific muscles that contributed more to explaining the variability in functional walking capacity on the more affected side. The strength of the hip flexors in the against-or alternate against-gravity positions explained the most variability; in the gravityeliminated position, gastrocnemius strength explained the most variability in functional walking capacity. This finding is not surprising because the literature has demonstrated the importance of the gastrocnemius [9, [28] [29] [30] , but it further supports the importance of this muscle in rehabilitation through functional training. Although this study further supports the findings from other studies, it also provides a novel approach to determining the relationship between muscle strength and functional walking capacity by including numerous muscles.
In regards to the muscles on the less affected side, the hip flexors and extensors explain the most variability in the against-and alternate against-gravity positions, respectively. For the gravity-eliminated positions, the knee flexors and extensors explain the most variability for the hip and knee and the ankle plantar flexors (gastrocnemius) explain the most variability for the ankle.
While controlling for the confounding variables, we found the hip flexors on an alternate against-gravity position (supine position) to be the strongest contributor to the variability of functional walking capacity. Supine most closely simulates the upright position where the hip flexors are needed to initiate the swing phase of gait from a hip-extended position. Increasing the strength of the hip flexors in the supine position would be an ideal intervention in rehabilitation to improve functional walking capacity.
CONCLUSIONS
Clinically, this study can help optimize both treatment of patients and time spent by therapists. During an assessment, a therapist now has the option of assessing only the gravity-related muscles (hip flexors, gastrocnemius, tibialis anterior) or at a minimum, the hip flexors in an alternate against-gravity position. Potential treatment approaches to improve functional walking capacity may include global strength training through walking tasks, strength training in different positions, and emphasis on strengthening hip flexors in the supine position.
The PSGI allowed us to include and assess multiple muscles. Walking necessitates the use of all lower-limb muscles to some degree. Only the PSGI can determine the relationship between all lower-limb muscles and walking among people with stroke. It also provides a numerical indication of the contribution of each muscle to walking. Without the PSGI, a statistical analysis that provided a better insight into the relationship between strength and walking would be compromised by a restricted set of variables.
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